The present research was undertaken based on the results obtained by the same authors in a sensitivity study on the buckling and ultimate strength of continuous stiffened aluminium plates. Empirical expressions are developed for predicting ultimate compressive strength of welded stiffened aluminium plates used in marine applications under combined in-plane axial compression and different levels of lateral pressure. Existing data of the ultimate compressive strength for stiffened aluminium plates numerically obtained by the authors through the previously performed sensitivity analysis are used for deriving formulations that are expressed as functions of two parameters, namely the plate slenderness ratio and the column (stiffener) slenderness ratio. Regression analysis is used in order to derive the empirical formulations. The formulae implicitly include effects of the weld on initial imperfections, and the heat-affected zone.
Introduction
Stiffened plates are basic building elements in many civil as well as marine structural applications and, as such, accurate strength assessment of individual stiffened plate components is one of the key parameters to perform general strength analysis. These structural components typically consist of a plate with equally spaced stiffeners (bulb, flat bar or T-and L-sections welded on one side) and often with intermediate transverse stiffeners, frames or bulkheads.
Stiffened plates in high-strength aluminium alloys have been used in a variety of marine structures, with applications such as hull and decks in high-speed boats and catamarans and superstructure for ships. Other applications are bridge box girders, and walls and floors of offshore modules and containers. These elements are primarily required to resist axial compressive forces (induced by hull bending moment) as well as lateral loads arising from different sources like hydrostatic/hydrodynamic pressures or cargo weight. Also, other loads such as transverse tension/ compression, longitudinal tension, in-plane bending moments and shearing forces may act on these structural elements.
The ultimate strength design formulae available for steel plates cannot be directly applied to aluminium plates even if the corresponding material properties are properly accounted for. This is partly due to the fact that the constitutive stress-strain relationship of aluminium alloys is different from that of structural steel. In the elastic-plastic range after the proportional limit as compared with structural steel, strain hardening has a significant influence in the ultimate load behaviour of aluminium structures whereas in steel structures, the elastic-perfectly plastic material model is well adopted. Besides, softening in the heataffected zone (HAZ) significantly affects the ultimate strength behaviour of aluminium structures, whereas its effect in steel structures is of very little importance.
The ultimate strength of stiffened steel plate panels has been the subject of many investigations, both experimentally [1] [2] [3] [4] [5] and numerically [6] [7] [8] [9] [10] , with the most significant contributions in the field of ship structures and bridges. The literature on stiffened aluminium panels is more limited. Clarke and Narayanan [11] report on buckling tests on an aluminium AA5083 plate with welded T-bar and flat-bar stiffeners. His experimental programme comprised eight compression tests on panels with different plate and stiffener sizes, with buckling over two spans as the failure mode. The ultimate strength of stiffened aluminium AA6082-T6 plates under axial compression was investigated by Aalberg et al. [12, 13] using numerical and experimental methods. Kristensen and Moan [14] demonstrated numerically the effect of HAZ and residual stresses on the ultimate strength of rectangular aluminium plates (AA5083 and AA6082) under bi-axial loading of plates. Some initial experimental and numerical simulations on torsional buckling of flat bars in aluminium panels have been also presented by Zha et al. [15, 16] and Zha and Moan [17] . Hopperstad et al. [18] carried out a study with the objective of assessing the reliability of non-linear finite element analyses in predictions on ultimate strength of aluminium plates subjected to in-plane compression. Rigo et al. [19] made a numerical investigation to present reliable finite element models to study the behaviour of axially compressed stiffened aluminium panels (including extruded profiles).
ARTICLE IN PRESS
Among most recent works, reference can be made to the work of Paik et al. [20] on the subject of ultimate limit state design of multi-hull ships made in aluminium. The impact of initial imperfections due to the fusion welding on ultimate strength of stiffened aluminium plates was studied by Paik et al. [21] and Collette [22] . Paik et al. [21] defined fabrication related initial imperfections of fusion welded stiffened aluminium plate structures at three levels. Also Paik [23] derived empirical formulations for predicting the ultimate strength of stiffened aluminium plates under axial compression. Future trends and research needs in aluminium structures were outlined by Sielski [24] . Mechanical collapse tests on stiffened aluminium structures for marine applications were performed by Paik et al. [25, 26] . Recently, Paik [27] studied buckling collapse testing of friction stir welded aluminium stiffened plate structures. Most recently, Khedmati et al. [28] made an extensive sensitivity analysis on buckling and ultimate strength of continuous stiffened aluminium plates under combined in-plane compression and different levels of lateral pressure.
Following the study made by Khedmati et al. [28] on postbuckling behaviour and ultimate strength characteristics of stiffened aluminium plates under combined axial compressive and lateral pressure loads, a set of empirical formulations or equations are derived in this paper to estimate the ultimate strength of such stiffened plates under above-mentioned load combinations. The ultimate compressive strength data numerically obtained by the authors through their sensitivity analysis [28] are used for deriving the formulations, which are expressed as functions of two parameters, namely the plate slenderness ratio and the column (stiffener) slenderness ratio. Regression analysis is used in order to derive the empirical formulations. The formulae implicitly include effects of weld induced initial imperfections and softening in the heat-affected zone.
Numerical data used for formulae derivations

Structural arrangements and geometrical characteristics of analysed stiffened aluminium plates
In order to derive the ultimate compressive strength formulae for stiffened aluminium plates, a database of the ultimate strength values for a number of such structural elements is required. The database may be gathered either based on expensive experimental tests or on results of a set of numerical analyses. Thus, in this paper a series of elastic-plastic large deflection analyses is performed applying the finite element method. A total of 199 prototype stiffened aluminium plates were designed for this purpose. Geometrical characteristics of the analysed stiffened plates are given in the first 11 columns of Tables 1-6. As was reported by Paik [23] , ultimate compressive strength characteristics of aluminium plates with flat-bar stiffeners differ from those with angle-or T-bar stiffeners. Accordingly, analyses in this paper are done on two different groups of stiffened aluminium plates: a group with flat-bar stiffeners and another one with T-bar stiffeners. Geometrical characteristics of stiffened aluminium plates are chosen so that a wide range of possible plate-stiffener combinations is produced. Fig. 1 shows the crosssectional parameters describing the geometrical characteristics of stiffened plate models.
Finite element code and adopted elements
The ultimate strength of stiffened aluminium plates is hereby assessed using ANSYS [29] , in which both material and geometric nonlinearities are taken into account. Among the libraries of available elements of the ANSYS FEM program, the eight-node SHELL181 elements are used for the mesh of stiffened plate models, considering welding residual stresses. In each case, 300 elements are used to model each local plate panel (the panel surrounded by successive longitudinal or transverse stiffeners), 6-7 and 5-6 elements are also considered, respectively, along web height and flange width of the stiffeners. Fig. 2 shows typical examples of the stiffener mesh models.
Mechanical properties of materials
The material properties were taken from the Aalberg experiments [13] . The Young's modulus and the Poisson ratio of the material are 70.475 GPa and 0.3, respectively. Stress-strain relationship of the aluminium alloy is shown in Fig. 3(a) . The breadth of HAZ is assumed to be 50 mm in the plate and 25 mm in the stiffener web, at the plate-stiffener junction (Fig. 3(b) ).
Extent of the model, boundary and loading conditions
A double span-single stiffener (DS-SS) or in other words double span-double bay (DS-DB) model (ABCD in Fig. 4 ) has been chosen for analysis of the ultimate strength of stiffened aluminium plates with symmetrical stiffeners of either flat-bar or T-bar crosssections [30] . Boundary conditions of the analysed stiffened plates, as explained in Khedmati et al. [28] , are as follows:
symmetry conditions are imposed along longitudinal edges; symmetry conditions are imposed along transverse edges; although transverse frames are not modelled, the out-of-plane deformation of plate is restrained along its junction line with the transverse frame;
to consider the plate continuity, in-plane movement of plate edges in their perpendicular directions is assumed to be uniform. After producing initial deflections in the stiffened plate, lateral pressure is applied first. Then, longitudinal compression is applied on the stiffened plate.
Initial imperfections
In order to simulate the complex pattern of initial deflection [19] , lateral pressure was applied first on the stiffened plate model and a linear elastic finite element analysis was carried out. Such an analysis was repeated in a trial and error sequence of calculations until the deflection of plate reached the following average value:
When this condition is satisfied, data informations, i.e. coordinates of nodal points, element coordinates and boundary conditions, were extracted and transferred to a new finite element mesh. The considered model is a non-linear FEM analysis of the stiffened plate subjected to in-plane compression with variable lateral loads. The procedure generating initial deflection is shown in Fig. 5 . After this step, lateral pressure is applied until the assumed levels, before the application of in-plane longitudinal compression load [31, 32] . The average value of initial deflection is assumed to be as follows, based on the investigations made by Varghese [33] :
In addition to initial deflections in both plate and stiffener, material softening in the so-called heat-affected zone (HAZ) and also residual welding stresses are taken into account.
Verification of code and approach
Two of the models tested by Zha and Moan [17] were selected for verification purpose. Details of simulation activities and also obtained results are given in Khedmati et al. [28] . It was shown there that both the code and also adopted modelling scheme lead to accurate results in comparison with the test results obtained by Zha and Moan.
Ultimate strength formulations
General form of the formulations
Paik [23] derived closed-form empirical ultimate strength formulae for stiffened aluminium plate structures under axial compressive loads by regression analysis of experimental and numerical databases. The derived formulations by Paik [23] were as follows.
For the case of aluminium plate with T-bar stiffeners
For the case of aluminium plate with flat-bar stiffeners 
In this paper, the same form of ultimate strength formulation as described by Eq. (3) is used. Different coefficients are derived based on the developed numerical database in order to estimate the ultimate strength of stiffened aluminium plates with various types of stiffener cross-sections under in-plane compression alone or in combination with lateral load.
Aluminium plates stiffened with T-bar stiffeners under in-plane axial compression
The geometrical characteristics of the analyzed stiffened plates are given in the first 11 columns of Table 1 . The models are subjected to pure in-plane compression. Complete paths of averaged stress vs. averaged strain relationships are obtained using FEM. Fig. 6 shows the averaged stress vs. averaged strain curves for stiffened aluminium plates under pure in-plane compression. The curves are grouped based on values of slenderness parameter of the plate part in the stiffened plate models. Different trends are observed before reaching the ultimate strength level and thereafter. This issue is not addressed in this paper, but the reader is referred to Khedmati et al. [28] . The ultimate strengths of all models are extracted out of the averaged stress vs. averaged strain curves and inserted in column 12 of Table 1 .
Regression analysis (see the Appendix) is applied to the obtained numerical data in Table 1 . For this purpose, the algorithm explained in the Appendix is programmed in MATLAB environment [34] . The same form of ultimate strength formulation as 
Eq. (11) is used to predict the ultimate strengths of all models in Table 1 . These values are placed in column 13 of Table 1 . In order to compare the results, non-dimensionalized ultimate strength values for aluminium plates stiffened by T-bar stiffeners Flat bar stiffened plate
Tee bar stiffened plate (as indicated in Table 1 ) under pure in-plane axial compression are shown vs. their column slenderness parameters in Fig. 7 . As observed, a good agreement is seen between FEM-based values of ultimate strengths and those predicted by Eq. (11) . The favourable agreement is confirmed in Fig. 8 , where a comparison of the nondimensionalised ultimate strength values for aluminium plates stiffened by T-bar stiffeners (as indicated in Table 1 ) under pure in-plane axial compression is shown.
Aluminium plates stiffened with T-bar stiffeners under combined in-plane axial compression and lateral pressure
In order to expand the range of empirical formulations for estimation of the ultimate strength of stiffened aluminium plates, some models are also analysed under combined in-plane compression and lateral pressure. Geometrical characteristics of the analysed stiffened plates are given in the first 11 columns of Tables 2 and 3 . Two levels of water head (h) are assumed: 5 and 10 m. As was explained earlier in Section 2.4, after producing initial deflection in the stiffened plate, lateral pressure is applied first on it until assumed levels. Then, longitudinal compression is applied on the stiffened plate. Column number 12 in Tables 2 and  3 presents values of the ultimate strength of analysed stiffened aluminium plates under combined in-plane compression and lateral pressure, obtained by FEM.
A regression analysis, as explained in Section 3.2, is applied to the database of Tables 2 and 3 . As a result, the following empirical equations (Eq. (12) 
Predicted ultimate strengths using Eqs. (12) and (13) for the stiffened aluminium plates are given in column 13 of Tables 2 and  3 . Also, FEM results and predictions of the ultimate strengths are compared with each other in Fig. 9 . Good agreements are also observed in these cases.
Aluminium plates stiffened with flat-bar stiffeners under combined in-plane axial compression and lateral pressure
Studies made by Paik [23] showed that collapse characteristics of the aluminium plates with flat-bar stiffeners differ from those of the aluminium plates with T-or angle-bar stiffeners. Thus different ultimate strength formulations are needed to be developed for the case of the aluminium plates with flat-bar stiffeners. Accordingly, a set of stiffened aluminium plates having flat-bar stiffeners is designed and then analysed using FEM. Geometrical characteristics of the analysed stiffened plates are given in the first 11 columns of Tables 4-6. Values of ultimate strength for the models are given in column number 12 of those tables.
The same regression procedure is applied to the database of Tables 4-6. As a result, the following empirical equations (Eqs. (14)- (16)) are derived to estimate the ultimate strength of stiffened aluminium plates under combined in-plane compression and lateral pressure. Table 1 ) under pure in-plane axial compression. Table 1 ) under pure in-plane axial compression. Tables 2 and 3) under combined in-plane axial compression and lateral pressure. Table 4 ) under pure in-plane axial compression. Fig. 11 . Comparison of the non-dimensionalised ultimate strength values for aluminium plates stiffened with flat-bar stiffeners (as indicated in Table 5 ) under combined in-plane axial compression and lateral pressure. Table 6 ) under combined in-plane axial compression and lateral pressure.
Accuracy of Eqs. (14)- (16) has been shown, respectively, in Figs. 10-12 . A remarkable agreement is observed between two sets of ultimate strength values: calculated by FEM and predicted using the empirical equations.
Summarised ultimate strength formulations
For the convenience of designers and researchers who use the proposed empirical formulations, the coefficients are described as functions of lateral pressure h. The resulting formulations are as follows:
where for the case of aluminium plate with T-bar stiffeners 
Applying Eqs. (17)- (19), it is possible to estimate the ultimate compressive strength of stiffened aluminium plates under any value of water head h in meters. (4)) give the ultimate strength of stiffened aluminium plates under pure in-plane compression. The earlier version of empirical formulation developed by Paik and Duran [35] , written below, is also examined for estimation of the ultimate strength of aluminium plates stiffened with T-bar stiffeners under pure inplane compression.
Also, reference should be made to the DNV formula for estimation of the ultimate compressive strength of stiffened aluminium plates. According to the DNV rules for classification of high speed and light craft [36] , the ultimate strength of stiffened aluminium plates under pure in-plane axial compression is given by
where Details for calculation of other parameters that exist in the above formulae are given in the DNV rules for classification of high speed and light craft [36] . Elastic buckling strength of stiffened aluminium plate is to be calculated based on Eq. (25) considering the minimum value among their buckling strengths for different modes of buckling failure. A comparison of the ultimate strength predictions using developed formulations and also other existing formulations for the two cases of aluminium plates stiffened with T-bar and flat-bar stiffeners is given, respectively, in Tables 7 and 8 . Also, Figs. 13 and 14 give a check of the accuracy of available formulae in comparison with each other. As can be seen, predictions of the present formulations are in good agreement with those made by the DNV formula. On the other hand, predictions made using Paik formulation [23] have some deviations with reference to those made using the authors' formulations. The earlier version of Paik and Duran formulation [35] gives results more or less the same as those of the formulations developed by the authors. All the comparisons presented in Tables 7 and 8 and also in Figs. 13 and 14 are just for the case of pure in-plane compression.
The derived formulations are found to be very effective also in terms of time. Estimation of ultimate strength of continuous stiffened aluminium plates using presented formulations takes a few milliseconds. Besides, modelling of a continuous stiffened aluminium plate with all details, using any commercial finite element code like ANSYS, for an expert and skilled user takes about two or three working days, while the CPU time for its analysis for capturing the value of ultimate strength, including post-processing jobs, is about 30-40 min.
Conclusions
The aim of the present paper has been to develop closed-form formulations for predicting ultimate compressive strength of stiffened aluminium plates under combined in-plane compression and lateral pressure. Extensive numerical results on welded stiffened aluminium plate structures obtained through a series of elastic-plastic large deflection FEM analyses were used for the present purpose. Table 7 ) under pure in-plane axial compression. Table 8 ) under pure in-plane axial compression.
Different forms of ultimate strength expressions were derived for plates with flat-bar or angle/T-bar stiffeners. The ultimate strength formulations developed implicitly take into account effects of weld induced initial imperfections.
The accuracy of derived formulations was checked by a comparison with numerical results. The empirical formulations derived in the present study will be useful for ultimate-strengthbased reliability analyses of aluminium high-speed ship structures. In using the derived empirical formulations for final sizing or detailed strength check calculations, precautions are required such as additional safety factors given the potential for nonconservative strength predictions.
Appendix. Regression method
A.1. Simple linear regression
A simple linear regression model for describing the relation between an independent input variable x and output function y can written as 
